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Introduction
Animal cell cytokinesis is initiated by ingression of the cleavage furrow and completed by scission of the midbody, a narrow intercellular bridge between two daughter cells (Glotzer, 2005; Eggert et al., 2006; Barr and Gruneberg, 2007) . Membrane fusion and fission are implicated in several aspects of this cellular event.
Fusion of secretory vesicles and recycling endosomes with the plasma membrane at the cleavage furrow supplies membranes to increase the surface area of prospective daughter cells (Matheson et al., 2005; Baluska et al., 2006) . Their homotypic fusion at the midbody in the final stage of cytokinesis completes abscission, a process that severs two daughter cells at the midbody, by sealing off the plasma membrane at the cytokinetic space (Matheson et al., 2005; Baluska et al., 2006) . Many proteins in the membrane fusion machinery have been identified as essential regulators of cytokinesis (Albertson et al., 2005) . For example, the SNARE proteins VAMP8/endobrevin and syntaxin 2 localize to the central spindle, a bundle of interdigitated anti-parallel microtubules between separating chromosomes, and play essential roles in cytokinesis (Low et al., 2003) .
Endosomes are an organelle that sorts cell-surface membrane proteins that have undergone endocytosis (Gruenberg and Stenmark, 2004) . In this process, ubiquitylation of endocytosed cargo proteins serves as a signal for lysosomal trafficking (Saksena et al., 2007) . The endosomal sorting of ubiquitylated proteins is executed by sequential actions of endosomal sorting complex required for transport (ESCRT) 0, I, II and III, all of which are complexes of class E vacuolar protein-sorting (Vps) proteins (Saksena et al., 2007) . The ESCRT complexes, together with other class E Vps proteins, play essential roles not only in the sorting of ubiquitylated cargo proteins but also in the invagination and scission of the lumenal vesicles of multivesicular endosomes (MVEs) . Recently, components of ESCRT-I and ESCRT-III, as well as other class E Vps proteins, were shown to localize to the midbody and be required for cytokinesis, suggesting that the scission of daughter cells during cytokinesis use the same molecular machinery as that for the scission of MVE lumenal vesicles (Carlton and Martin-Serrano, 2007; Morita et al., 2007) .
ESCRT-0, which is composed of two ubiquitin (Ub)-binding proteins, Hrs and STAM, interacts with two deubiquitylating enzymes (DUBs): UBPY and AMSH Clague and Urbe, 2006) . These DUBs deubiquitylate cargo proteins on endosomes and regulate their lysosomal traffic (McCullough et al., 2004; Mizuno et al., 2005) . UBPY is also required for maintaining the morphology of endosomes by deubiquitylating various proteins on the organelle (Mizuno et al., 2006; Row et al., 2006) . We have recently shown that 14-3-3 proteins bind to Ser 680 -phosphorylated UBPY and inhibit its catalytic activity (Mizuno et al., 2007) . In M phase, UBPY is dephosphorylated at Ser 680 , dissociated from 14-3-3 proteins, and catalytically activated (Mizuno et al., 2007) . These findings suggested an M phase-specific UBPY function and prompted us to study the role of UBPY during cell division. In this study, we demonstrate a dynamic regulation of protein ubiquitylation and deubiquitylation at the central spindle, which are implicated in cytokinesis.
Results

Subcellular localization of UBPY during cytokinesis
Immunofluorescence staining of HeLa cells with a previously characterized anti-UBPY antibody (Mizuno et al., 2005) showed that endogenous UBPY is broadly distributed in the cytoplasm in M phase until the onset of cytokinesis (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). However, it exhibited a specific subcellular localization during cytokinesis. In this study, we classified cytokinesis into four stages according to the morphology of the cell, central spindle and chromosome (Fig. 1A) . Stage 1 (S1) is the earliest stage, when the cleavage furrow emerges. At stage 2 (S2), the cleavage furrow ingresses, central spindles undergo compaction, and chromosomes start decondensation. At stage 3 (S3), compaction of central spindles and de-condensation of chromosomes proceed, but prospective daughter cells still exhibit a round shape. Stage 4 (S4) is the final stage when daughter cells start flattening on the culture dish and central spindles become thin. UBPY staining was diffuse in the cytoplasm until stage 3 of cytokinesis (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). At stage 4, however, UBPY was concentrated in a double-band region flanking the Flemming body, a phase-dense central region of the midbody negative for anti-tubulin staining (Fig. 1B-BЉ) (Gromley et al., 2005) . The same staining pattern was observed with a second anti-UBPY antibody raised in another rabbit but not with pre-immune serum (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). FLAG epitope-tagged UBPY, transfected into HeLa cells, also localized to the midbody, as assessed by anti-FLAG immunofluorescence, confirming the specificity of the anti-UBPY staining ( Fig. 1C-CЉ ). In addition, UBPY was detected at the midbody also in monkey COS-7 and mouse NIH-3T3 cells (Fig. S1A-AЉ ,B-BЉ, supplementary material).
Subcellular localization of AMSH during cytokinesis
AMSH is the other DUB that interacts with ESCRT-0 (Tanaka et al., 1999; McCullough et al., 2004) . We next examined the subcellular localization of endogenous AMSH during cytokinesis. Immunofluorescence staining of HeLa cells with a previously characterized anti-AMSH antibody (Tanaka et al., 1999) showed that AMSH also localizes to the cleavage region in dividing cells. However, the pattern of localization was spatially and temporally different from that of UBPY. AMSH was faintly detected at the cleavage plane already at stage 1 and persistently observed throughout cytokinesis (Fig. 1D-GЉ) . In contrast to the double-band staining pattern of UBPY (Fig. 1B,C) , AMSH staining was observed as single-band (Fig. 1D ,E,G) or ring-shaped ( Fig. 1F; Fig. S1C , supplementary material) structures, suggesting that AMSH localizes to the 'midbody ring' containing various cytokinetic proteins (Gromley et al., 2005; Zhao et al., 2006) . In interphase cells, AMSH was detected in the midbody remnants, a residual structure of the midbody inherited by either of the daughter cells (Fig. 1E ,EЉ,F,FЉ, asterisks) (Mishima et al., 2002; Gromley et al., 2005) . The same localization pattern was observed in COS-7 and NIH-3T3 cells ( Journal of Cell Science 121 (8) 
Subcellular localization of ubiquitylated proteins during cytokinesis
The localization of DUBs to the central spindle and midbody suggested the presence of ubiquitylated proteins that are to be deubiquitylated by these DUBs during cytokinesis. We therefore stained HeLa cells with FK2, a monoclonal antibody that specifically recognizes Ub when it is conjugated to target proteins or another Ub (Fujimuro and Yokosawa, 2005) . It does not recognize free Ub and is commonly used to detect poly-and mono-ubiquitylated proteins in the cell (Fujimuro and Yokosawa, 2005) . Before the emergence of the cleavage furrow, FK2 exhibited diffuse cytoplasmic staining at very low levels (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). The antibody started to stain the bilateral regions of the cleavage plane at stage 1 of cytokinesis ( Fig. 2A-AЉ) . The double-band FK2 staining reached a maximal level at stage 2 ( Fig. 2B-BЉ) , then decreased to lower and hardly detectable levels at stages 3 ( Fig. 2C -CЉ) and 4 ( Fig. 2D-DЉ (Fig. S2, supplementary material) . We next examined the localization of HA epitope-tagged Ub in transfected HeLa cells using anti-HA antibody. During cytokinesis, the majority of HA-Ub localized to the central spindle, where the staining completely merged with that by FK2 (Fig. 2E-EЉ) .
To elucidate the spatial relationship between the ubiquitylated proteins and AMSH at the central spindle, we double-stained HAUb-transfected HeLa cells with anti-HA and anti-AMSH antibodies at stage 2 of cytokinesis. The AMSH-positive ring structure was located between and in contact with the two bands positive for HAUb, suggesting that AMSH deubiquitylates its substrate proteins at the contact site of the ubiquitylated protein-and AMSH-positive regions ( Fig. 2F-FЉ ).
Ubiquitylated proteins, UBPY, and AMSH localize to specific central spindle regions
The central spindle is the region where cytokinetic proteins are recruited to promote cell division. Centralspindlin, a complex of a mitotic kinesin MKLP1 and a Rho family GTPase-activating protein MgcRacGAP, localizes to the center of the central spindle (Mishima et al., 2002) . The other mitotic kinesin MKLP2 and the Aurora B kinase complex, on the other hand, localize bilaterally to the centralspindlin-positive central region (Gruneberg et al., 2004) . In immunofluorescence, the staining for ubiquitylated proteins perfectly overlapped with that of Aurora B (Fig. 3A -AЉ) and sandwiched the MKLP1-positive region ( Fig. 3B-BЉ) . UBPY also co-localized with Aurora B in the midbody at stage 4 ( Fig. 3C-CЉ) . By contrast, the AMSH-positive ring was positioned in the central region, where it surrounded the MKLP1-positive region ( Fig. 3D -DЉ). These results indicate that the central spindle regions critical for cytokinesis are the site of dynamic protein ubiquitylation and deubiquitylation.
UBPY and AMSH interact with the ESCRT-0 complex on endosomes . We therefore examined whether its component Hrs also localizes to the cleavage region. Immunostaining of HeLa cells with two independent anti-Hrs antibodies showed that besides endosomes, Hrs localized to the central, but not the flanking, region of the midbody at stage 4 of cytokinesis ( Fig. 3E-EЉ ). In the earlier stages, the level of Hrs staining was much lower at the central spindle ( Fig. S3A -AЉ, supplementary material). This localization pattern was similar to that of a cytokinetic regulator Cep55 (Fabbro et al., 2005; Zhao et al., 2006) , which was recently shown to exhibit yeast two-hybrid interaction with Hrs (Morita et al., 2007) . However, the pattern was spatially or temporally different from those of UBPY and AMSH. We also stained dividing HeLa cells for endosome markers; EEA1 for early endosomes, LAMP1 for late endosomes and lysobisphosphatidic acid (LBPA) for MVEs. None of these molecules was detected in the central spindle and midbody at any stage of cytokinesis ( Fig 
UBPY and AMSH are required for efficient cytokinesis
To study the significance of protein deubiquitylation in cleavage regions, we examined the effect of depleting UBPY and AMSH in cytokinesis in HeLa cells using RNA interference (RNAi). Transfection of two independent small interfering RNAs (siRNAs) for each DUB led to a significant reduction in their protein levels (Fig. 4A) . The consequence of a failure in cytokinesis is the generation of multi-nucleated cells. We therefore stained siRNAtransfected cells with a fluorescent nuclear marker SYTOX green (Fig. 4B) , and quantified the population of multi-nucleated cells by counting them under the fluorescence microscope. As shown in Fig.  4C , depletion of UBPY or AMSH resulted in a marginal increase in the population of multi-nucleated cells (7±2% in mocktransfected, 12±1% and 12±2% in UBPY siRNA-1 and -2 transfected, and 18±2% and 17±3% in AMSH siRNA-1 and -2 transfected cells). Combined depletion of the DUBs had no additive effect, with a multi-nucleated cell population of 17~20% (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). These results suggest that the UBPY-and AMSH-mediated protein deubiquitylation is required for efficient cytokinesis.
We also stained siRNA-transfected cells with anti-tubulin antibody and quantified the population of cells in stages 1~3 and stage 4 of cytokinesis by counting them. We did not find statistically significant differences in the population of these cells between control, UBPY-depleted, and AMSH-depleted cells (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). When AMSH was depleted, however, dividing cells with an atypically long central spindle (>~20 μm; Fig. 4D , arrow) were more frequently observed than in mock-transfected cells in which the length of the central spindle was usually ~10 μm, even in the final stage of cytokinesis (Fig. 1A, stage 4) . In AMSH-depleted cells with the atypical central spindle, ubiquitylated proteins were detected at the midbody ring by FK2 staining (Fig. 4D, arrowhead) . The counting of cells with the long central spindle (>~20 μm) showed that their population increased approximately twofold after AMSH depletion (Fig. 4E) . The depletion of UBPY, by contrast, had no effect (Fig. 4E ).
VAMP8 undergoes ubiquitylation
Inhibition of UBPY results in an accumulation of ubiquitylated proteins, which are likely to be the substrates for UBPY, on endosomes (Mizuno et al., 2006; Row et al., 2006) . As an independent experiment to identify comprehensively these ubiquitylated proteins, we performed a proteome analysis. HeLa cells were transfected with UBPY C748A , a catalytically inactive UBPY mutant that acts dominant negatively (Mizuno et al., 2006) . The membrane fraction of the cells was solubilized, and membraneassociated ubiquitylated proteins were purified by affinity chromatography using FK2-conjugated beads. Analysis of the recovered ubiquitylated proteins, after trypsin digestion, using a twodimensional liquid chromatography/tandem mass spectrometry system identified a peptide fragment GENLEHLR (MASCOT score=42~47; A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished) corresponding to amino acid residues 38-45 in VAMP8, a v-SNARE for endosome fusion and regulated exocytosis (Antonin et al., 2000; Wang et al., 2004) . This suggested that VAMP8 is either ubiquitylated or associated with other ubiquitylated proteins in UBPY-inhibited cells. We focused on this protein Journal of Cell Science 121 (8) because VAMP8 localizes to the Aurora B-positive region of the central spindle and is required for cytokinesis (Low et al., 2003; Zhao et al., 2006) . Indeed, immunofluorescence staining showed that both endogenous and FLAG-tagged VAMP8 localize to the FK2-positive region at the central spindle, suggesting that VAMP8 is ubiquitylated at the region (Fig. 5A-AЉ,B-BЉ) .
To examine whether VAMP8 undergoes ubiquitylation, we expressed FLAG-tagged VAMP8 in HeLa cells. As a negative control, we also constructed VAMP8 mutants in which the Lys residues are replaced by Arg residues individually or in combination (Fig. 5C) , whereas K0 lacks all the seven Lys residues. When wild-type VAMP8 was immunoprecipitated from transfected cells with anti-FLAG antibody and immunoblotted with the same antibody, a ladder of bands that possibly correspond to VAMP8 species conjugated with 1~3 Ub molecules was detected (Fig. 5D, left, bands 1~3 ). These bands became fainter when VAMP8-4KR was expressed, and disappeared when VAMP8-K0 was expressed (Fig. 5D, left) . Reprobing of the immunoblot membrane with FK2 confirmed that the bands 2 and 3 indeed correspond to ubiquitylated VAMP8 (Fig. 5D, right) . The band 1 was undetectable with FK2, probably owing to a low affinity of FK2 to mono-ubiquitylated VAMP8. Bands 1~3 were still detected when cell lysates were prepared with a hot-lysis method, excluding the possibility that they are other ubiquitylated proteins associated with VAMP8 (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished).
UBPY and AMSH deubiquitylate VAMP8
To examine whether ubiquitylated VAMP8 is a substrate for UBPY and AMSH, FLAG-VAMP8 was transfected into HeLa cells together with HA-tagged UBPY, UBPY C748A , AMSH or the catalytically inactive dominant-negative mutant AMSH D348A (McCullough et al., 2004) . FLAG-VAMP8 was immunoprecipitated from their lysates with anti-FLAG antibody and immunoblotted with FK2. The levels of the bands 2 and 3 decreased when wild-type UBPY or AMSH was overexpressed, and increased when UBPY C748A or AMSH D348A was expressed (Fig. 6A, top) . FK2 also slightly detected the band 1 when these DUBs were inhibited (Fig.  6A, top) . Reprobing of the immunoblot membrane with anti-HA antibody showed that UBPY and AMSH are associated with VAMP8 in the cell (Fig. 6A, second from top) . Ubiquitylation of FLAG-VAMP8 similarly increased when HeLa cells were depleted of endogenous UBPY or AMSH using RNAi (Fig. 6B, top) . Finally, the ubiquitylation level of endogenous VAMP8 was also elevated by overexpressing UBPY C748A or AMSH D348A (Fig. S4A , top, supplementary material). Together, these results suggest that VAMP8 undergoes deubiquitylation by both UBPY and AMSH at the central spindle.
Discussion
In this paper, we demonstrated that the level of protein ubiquitylation rises strikingly and transiently in the Aurora B-positive region of the central spindle during cytokinesis, suggesting the regulation of this dynamic cellular event by ubiquitylation (Figs 2 and 3) . To our knowledge, this is the first report that implicates ubiquitylation in cytokinesis. The same localization pattern of ubiquitylated proteins in different cell types of different species suggests that it is a common regulatory mechanism at least in mammalian cells (Fig.  S1, supplementary material) . In addition, we showed that the endosomal DUBs, UBPY and AMSH, also localize to the cleavage regions during cytokinesis (Figs 1 and 3) . However, they exhibited distinct localization patterns from that of the ubiquitylated proteins (Figs 1-3) . The site of AMSH localization was spatially different from, but in contact with, the regions positive for ubiquitylated proteins. UBPY localized to the same Aurora B-positive region as the ubiquitylated proteins, but was found only in the final stage of cytokinesis. Such a spatial and temporal difference in the localization of ubiquitylated proteins and the DUBs may facilitate the strict regulation of the site and timing of protein deubiquitylation during the cellular process.
RNAi-mediated depletion of UBPY and AMSH resulted only in a moderate increase in the population of multi-nucleated cells (Fig.  4) . These results suggest that the DUB activities are required for increasing the efficiency of cytokinesis but are not crucial for the event. Deubiquitylation may therefore have an accessory role in the regulation of the ubiquitylated proteins at the central spindle. The population of cells in the final cytokinesis stage (stage 4), as well as those in stages 1~3, was not significantly affected by depletion of UBPY or AMSH (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). Moreover, cells with an atypically long central spindle were more frequently observed when AMSH was depleted (Fig. 4) . These results suggest that the cleavage furrow ingression proceeds normally in UBPY-and AMSHdepleted cells, and they rather have a defect in abscission. However, we cannot fully exclude the possibility that the knockdown efficiency of the DUBs was not sufficient to inhibit their functions completely in siRNAtransfected cells, because UBPY and AMSH were still faintly detectable in the lysates of these cells (Fig. 4) .
Both UBPY and AMSH interact with ESCRT-0. However, the pattern of Hrs localization was different from those of UBPY and AMSH during cytokinesis ( Fig.  3; Fig. S3, supplementary material) , suggesting that ESCRT-0 does not mediate the localization of these DUBs at the cleavage regions. These DUBs also interact with ESCRT-III Row et al., 2007) . The ESCRT-III components exhibit a double-band localization pattern in the midbody that is similar to that of UBPY in the final stage of cytokinesis (Morita et al., 2007) . Therefore, UBPY is possibly recruited to the midbody by ESCRT-III. However, this mechanism cannot be applied to AMSH, because its localization pattern was different from that of ESCRT-III. In addition, none of the endosome markers tested localized to the cleavage regions throughout cytokinesis, suggesting that the DUBs and ubiquitylated proteins are not associated with ordinary early~late endosomes in the regions (Fig. S3, supplementary material) .
Our results suggest that VAMP8 undergoes ubiquitylation and deubiquitylation by UBPY and AMSH at the central spindle and midbody (Figs 5 and 6) . We failed to identify the ubiquitylated Lys Journal of Cell Science 121 (8) (C) Schematic structure of mouse VAMP8 and its mutants used in this study. Positions of the SNARE motif, transmembrane domain and the seven Lys residues are indicated. (D) FLAG-tagged VAMP8 and its mutants were transfected into HeLa cells, and immunoprecipitated with anti-FLAG antibody. The immunoprecipitates were immunoblotted with anti-FLAG antibody (left) or FK2 (right). Black arrowheads indicate the positions of non-ubiquitylated FLAG-VAMP8 (band 0, ~14 kDa) and FLAG-VAMP8 proteins conjugated with 1 (band 1, ~22 kDa), 2 (band 2, ~30 kDa) and 3 (band 3, ~38 kDa) Ub molecules. Asterisks indicate the IgG light (L) chain used for immunoprecipitation. The identity of the bands indicated by a white arrowhead is unknown. Ubiquitylated VAMP8 was often detected as a doublet band. The reason for this is unknown.
residue(s) in VAMP8 because all the Lys-to-Arg mutants except for K0 exhibited ubiquitylation to various extent (Fig. 5) , indicating that most, if not all, of the Lys residues are capable of undergoing ubiquitylation at least when other Lys residues are mutated. Anyway, these observations suggest that the VAMP8 function is regulated by ubiquitylation and subsequent deubiquitylation during cytokinesis. The significance of VAMP8 ubiquitylation in cytokinesis is unknown. To test this, we examined whether the VAMP8-K0 mutant acts in a dominant-negative manner in cytokinesis when overexpressed in HeLa cells. The population of multi-nucleated cells, however, was not significantly affected by VAMP8-K0 expression (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). Replacement of all the Lys residues might have caused a complete loss of the SNARE activity of VAMP8. It is also important to elucidate how ubiquitylation regulates the VAMP8 function. Co-immunoprecipitation experiments showed that ubiquitylated, as well as non-ubiquitylated, VAMP8 binds to syntaxin 2 and SNAP-23, the t-SNARE proteins shown to interact with VAMP8 (Low et al., 2003; Wang et al., 2004) , suggesting that the ubiquitylation of VAMP8 does not inhibit its interaction with t-SNARE proteins (Fig. S4B, supplementary material) . However, these experiments did not allow a quantitative comparison of the t-SNARE-binding affinity between ubiquitylated and nonubiquitylated VAMP8. In addition, VAMP8 has been shown to form a homodimer (Mascia and Langosch, 2007) , raising the possibility that ubiquitylated VAMP8 indirectly interacts with the t-SNARE proteins via non-ubiquitylated VAMP8. We also tested the possibility that ubiquitylation regulates the subcellular localization of VAMP8 by examining whether depletion of UBPY and AMSH affects the localization in immunofluorescence staining. The siRNA treatment, however, did not significantly affect the localization of endogenous VAMP8 at the central spindle/ midbody regions (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). Further study is necessary to elucidate the role and significance of VAMP8 ubiquitylation in cytokinesis.
We do not speculate that VAMP8 is the only ubiquitylated protein at the Aurora B-positive central spindle region, because the level of FK2 staining was significantly higher in the region than in other regions of the cell such as the cytoplasm and nucleus (Fig. 2) . Aurora B is a protein kinase that forms a complex with INCENP, survivin and borealin (Glotzer, 2005; Eggert et al., 2006) , and is recruited to the central spindle by the mitotic kinesin MKLP2 (Gruneberg et al., 2004) . These essential cytokinetic regulators are therefore other candidates for the ubiquitylated proteins detected by FK2 in this study. Previous studies have shown that Aurora B (Nguyen et al., 2005; Sumara et al., 2007) and survivin (Vong et al., 2005 ) undergo ubiquitylation during cell division. However, their ubiquitylation regulates earlier mitotic events at the chromosome and centromere before the onset of cytokinesis (Vong et al., 2005; Sumara et al., 2007) . In addition, we failed to detect the ubiquitylation of endogenous Aurora B in HeLa cells even when UBPY and AMSH were inhibited by overexpressing UBPY C748A or AMSH D348A (A.M., E.M., K.K., M.M., K.I.N., N.K. and M.K., unpublished). These observations suggest that Aurora B and survivin are not ubiquitylated at the central spindle, although we can not fully exclude the possibility. . FLAG-VAMP8 was immunoprecipitated from their lysates with anti-FLAG antibody, and immunoblotted with FK2 (top), anti-HA (second from top) and anti-FLAG (third from top) antibodies. The expression levels of HA-tagged DUB constructs were assessed by immunoblotting of the total lysates with anti-HA antibody (bottom). (B) HeLa cells were transfected with FLAG-VAMP8, together with the mock, two UBPY siRNA or two AMSH siRNA expression vectors. FLAG-VAMP8 was immunoprecipitated from their lysates with anti-FLAG antibody, and immunoblotted with FK2 (top) and anti-FLAG (second from top) antibodies. The expression levels of UBPY and AMSH were assessed by immunoblotting of the total lysates with corresponding antibodies (third and fourth from top). As a loading control, the lysates were also blotted with anti-tubulin antibody (bottom).
What is the role of protein ubiquitylation at the central spindle? It may regulate the fusion of vesicles required for cytokinesis, in which VAMP8 plays an essential role (Low et al., 2003) . Recently, the ESCRT proteins were shown to be required for abscission (Carlton and Martin-Serrano, 2007; Morita et al., 2007) , raising the possibility that the ubiquitylated proteins cooperate with the ESCRT machinery in this final cytokinetic event. In this case, the ubiquitylated proteins should function upstream of the ESCRT machinery, as the level of protein ubiquitylation was high in early cytokinesis stages before the ESCRT proteins appear at the midbody (Fig. 2) (Carlton and Martin-Serrano, 2007; Morita et al., 2007) . A third possibility can not be ruled out either: that the ubiquitylation serves as a proteasomal degradation signal for certain cytokinetic regulator proteins. To understand the role of protein ubiquitylation at the central spindle, it is necessary to identify the ubiquitylated proteins in a comprehensive manner. Elucidation of the ubiquitylated proteins, as well as the Ub ligase responsible for the ubiquitylation, will also make it possible to study the significance of the ubiquitylation in cytokinesis by examining the effects of inhibiting their functions.
Materials and Methods
Immunofluorescence
Cells were fixed with 100% methanol or 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 minutes on ice, permeabilized with 0.2% Triton X-100 or 0.05% saponin in PBS for 5 minutes (when fixed with paraformaldehyde), and stained with mouse monoclonal anti-multi-Ub antibody FK2 (1 μg/ml, MBL, Nagoya, Japan) (Fujimuro and Yokosawa, 2005) , rabbit polyclonal anti-UBPY (1:500) (Mizuno et al., 2005) , mouse monoclonal anti-AMSH (10 μg/ml; provided by N. Tanaka, Miyagi Cancer Center Research Institute, Natori, Japan) (Tanaka et al., 1999) , mouse monoclonal anti-α-tubulin (40 μg/ml, Sigma-Aldrich, St Louis, MO), rabbit polyclonal anti-β-tubulin (1 μg/ml, Abcam, Cambridge, UK), rabbit polyclonal anti-FLAG (0.4 μg/ml, Sigma-Aldrich), rabbit polyclonal anti-HA (2 μg/ml, Sigma-Aldrich), mouse monoclonal anti-Aurora B (2.5 μg/ml, BD Biosciences Transduction laboratories, Lexington, KY), rabbit polyclonal anti-MKLP1 (10 μg/ml, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-Hrs (1:2,000) (Komada et al., 1997) , mouse monoclonal anti-EEA1 (1 μg/ml, BD Biosciences Transduction laboratories), mouse monoclonal anti-LAMP1 (1:2,000; provided by Minoru Fukuda, The Burnham Institute, La Jolla, CA) (Carlsson et al., 1988) , mouse monoclonal anti-LBPA (1:10; provided by T. Kobayashi, RIKEN, Wako, Japan) (Kobayashi et al., 1998) and rabbit polyclonal anti-VAMP8 (1:30, Synaptic Systems, Gottingen, Germany) antibodies. Secondary antibodies were Alexa488-and Alexa594-conjugated anti-mouse IgG and anti-rabbit IgG antibodies (1:1,000, Invitrogen, Carlsbad, CA). To stain chromosomes, cells were incubated with TO-PRO-3 iodide (642/661) (50 mM, Invitrogen) or SYTOX green (1 μM, Invitrogen) during incubation with secondary antibodies. To examine the competitive effect of Ub chains, 30 ng of FK2 was pre-incubated with 0.5 μg of Lys 48 -or Lys 63 -linked Ub chains (dimer to heptamer, Boston Biochem, Cambridge, MA) for 1.5 hours on ice. Fluorescence images were captured with a laser-scanning confocal microscope (Axiovert 200M, Carl Zeiss, Oberkochen, Germany) using the LSM5 PASCAL system (Carl Zeiss).
Expression constructs and transfection
Expression vectors for FLAG-and HA-tagged UBPY, UBPY C748A , AMSH and AMSH D348A were constructed as described (Mizuno et al., 2005; Nakamura et al., 2006) . Expression vectors for HA-Ub, FLAG-syntaxin-2, and FLAG-SNAP-23 were provided by T. Suzuki (Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan) and Mitsunori Fukuda (Tohoku University, Sendai, Japan). The cDNA for mouse VAMP8 was provided by W. Hong (Institute of Molecular and Cell Biology, Singapore), and its mutants were generated using the QuikChange site-directed mutagenesis system (Stratagene, La Jolla, CA). The VAMP8 cDNAs were inserted into expression vectors pME-FLAG and pME-HA (Mizuno et al., 2005) . Expression vectors were transfected into cells using the FuGENE6 Transfection Reagent (Roche Diagnostics, Indianapolis, IN).
RNAi
siRNA expression vectors for human UBPY and AMSH were constructed using pSilencer 1.0-U6 (Ambion, Austin, TX). The UBPY mRNA target sites were nucleotides 191-209 (5Ј-TGAAATACGTGACTGTTTA-3Ј) and 3290-3310 (5Ј-AATCTTCAGCAGCTTATATCC-3Ј) from the translation initiation codon for siRNA-1 and siRNA-2, respectively (Mizuno et al., 2006) . The AMSH mRNA target sites were nucleotides 652-670 (5Ј-CCTTCAGACTGTCACACAA-3Ј) and 1031-1049 (5Ј-TCTCCAGTGTCGACCTACA-3Ј) from the translation initiation codon for siRNA-1 and siRNA-2, respectively. These vectors or an empty mock vector were transfected into cells twice at 48 hour intervals.
Immunoprecipitation and immunoblotting
Cell lysates were prepared by solubilizing cells in PBS containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 5 mM EDTA, 1 mM Na 3 VO 4 , 1 mM phenymethyl sulfonyl fluoride (PMSF), 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin A and 10 mM N-ethylmaleimide for 30 minutes on ice and collecting the supernatant after centrifugation at 12,000 g for 15 minutes at 4°C. The lysates were directly used for immunoblotting, or immunoprecipitated with anti-FLAG M2 (1 μg, SigmaAldrich) or anti-VAMP8 (2 μl, Synaptic Systems) antibody. Immunoblotting was performed using standard procedures. Primary antibodies were anti-UBPY (1:500) (Mizuno et al., 2005) , anti-AMSH (2 μg/ml) (Tanaka et al., 1999) , anti-FLAG M2 (4 μg/ml), anti-HA (0.4 μg/ml, Roche Diagnostics) and anti-VAMP8 (1:1,000, Synaptic Systems) antibodies. Secondary antibodies were peroxidase-conjugated antimouse IgG and anti-rabbit IgG antibodies (GE Healthcare, Piscataway, NJ). Blots were detected using the ECL reagent (GE Healthcare).
Large-scale preparation of ubiquitylated proteins FLAG-UBPY C748A -transfected HeLa cells from eight 90 mm dishes were homogenized in 4 ml of 10 mM Tris-HCl (pH 7.4), containing 1 mM PMSF, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin A and 10 mM N-ethylmaleimide by passage through a 23-gauge needle 30 times. The post-nuclear supernatant, obtained after centrifugation at 1000 g for 5 minutes, was centrifuged at 100,000 g for 1 hour at 4°C. The pellet (membrane fraction) was solubilized in 0.3 ml of solubilizing buffer [50 mM Tris-HCl (pH 7.4), 300 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM PMSF, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin A and 10 mM Nethylmaleimide], and centrifuged at 100,000 g for 1 hour. The supernatant was collected as the membrane protein fraction.
FK2 (2 mg, Nippon Bio-Test, Kokubunji, Japan) was conjugated to protein ASepharose (1 ml, GE Healthcare) using a chemical crosslinker, dimethyl pimelimidate (PIERCE, Rockford, IL), as described previously (Matsumoto et al., 2005) . The FK2-conjugated beads (0.5 ml) were incubated with the membrane protein fraction for 15 minutes at 4°C and washed with solubilizing buffer. Bound proteins were eluted with 100 mM glycine-HCl (pH 2.8) and neutralized with 1 M Tris-HCl (pH 8.0).
Liquid chromatography/tandem mass spectrometry
Ubiquitylated proteins prepared from UBPY C748A -transfected cells using the FK2 affinity beads were reduced with dithiothreitol, alkylated with iodoacetamide and digested with trypsin as described previously (Matsumoto et al., 2005) . The resulting peptides were separated into 18 fractions using cation-exchange chromatography (Polysulfoethyl A, PolyLC, Columbia, MD), and each fraction was subjected to reverse-phase chromatography on a C 18 column (L-column, Chemicals Evaluation and Research Institute, Saitama, Japan) with an HPLC system (Magic 2002, Michrom BioResources, Auburn, CA) that was coupled to an ion-trap mass spectrometer (Finnigan LCQ-Deca, Thermo Fisher Scientific, Waltham, MA) equipped with a nanoelectrospray ionization source (AMR, Tokyo, Japan) as described previously (Matsumoto et al., 2005) . Uninterpretable collision-induced dissociation (CID) spectra were compared with the Human International Protein Index ver. 3.1.6 (IPI, European Bioinformatics Institute) with the use of MASCOT algorithm.
